The exchange of electric charges between a chemical reaction centre and an external electrical circuit is critical for many real-life technologies. This perspective explores the "wiring" of highly redox-active molecular metal oxide anions, so-called polyoxometalates (POMs) to conductive organic polymers (CPs). The major synthetic approaches to these organic-inorganic hybrid materials are reviewed. Typical applications are highlighted, emphasizing the current bottlenecks in materials development. Utilization of the composites in the fields of energy conversion, electrochemical energy storage, sensors and nanoparticle "wiring" into conductive materials are discussed. The outlook section presents the authors' views on emerging fields of research where the combination of POMs and CPs can be expected to provide novel materials for groundbreaking new technologies. These include light-weight energy storage, high-sensitivity toxin sensors, artificial muscles, photoelectrochemical devices and components for fuel cells.
Introduction
Since the pioneering days of polymer development in the late 18 th century, polymeric materials have conquered virtually all areas of life, due to their facile and low cost manufacturing on the megaton-scale. Over time, polymers have progressed from "simple" bulk materials such as rubber or polyethylene to cutting-edge materials where physical and chemical properties can be tuned on the molecular level. Consequently, polymers with stimuli-responsiveness, biocompatibility, antimicrobial and self-repairing properties have been accessed. 1 One ground-breaking polymer class with high relevance for applications in electronics and energy systems are conducting
Sven Herrmann
Sven Herrmann studied chemistry at Friedrich-Alexander-University Erlangen-Nuremberg (Germany) and completed his MSc project in 2013 in the group of Carsten Streb. He subsequently followed the Streb group to Ulm University where he is working on his PhD project which is funded through a fellowship of the Fonds der Chemischen Industrie. Sven is interested in the development of polyoxometalate-based ionic liquids (POM-ILs) and their application in materials chemistry, electrochemistry and catalysis.
Chris Ritchie
Dr Chris Ritchie completed his undergraduate studies BSc (Hons) Chemistry with Medicinal Chemistry at the University of Glasgow, Scotland. He then commenced his PhD under the supervision of Prof. Lee Cronin in the same department (2005) (2006) (2007) (2008) , and subsequently moved to The University of Melbourne, Australia where he was a post-doctoral researcher with Dr Colette Boskovic (2008) (2009) (2010) (2011) (2012) (2013) . In 2013, Dr Ritchie was awarded an Australian Research Council Discovery Early Career Researcher Award (DECRA) and is now a group leader and lecturer at the University of Melbourne. His current research interests include the selfassembly of polyoxometalate based inorganic-organic composites. a polymers (CPs). Their importance was acknowledged when in the year 2000, the Nobel Prize in Chemistry was awarded to Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa "for the discovery and development of conductive polymers". 2 Conducting polymers offer the possibility to introduce organic conductors in low dimensional, flexible and mechanically resistant systems, giving access to materials with unique properties. This has led to a host of new applications such as organic light-emitting diodes (OLEDs), 3 chemical-or biosensors, 4 functional coatings 5 and electronic, optoelectronic and energy storage devices 6 as well as organic solar cells. 7 In the context of this Perspective, we will focus our interest on so-called intrinsically conductive polymers (ICPs) 1 where conductivity is based on electron-transfer through the polymers themselves, often enabled by the presence of a fully conjugated π-electron system spanning the length of the polymer backbone. Oxidative ( p-type) or reductive (n-type) doping of the polymers allows the tuning of the conductivity from semiconductors to metallic conductors. 1 In contrast, extrinsically conductive polymers (ECPs) are based on conductive particles (e.g. metal particles) which are dispersed in a non-conductive polymer matrix. 1 These systems will not be considered here. Typical examples of ICPs are shown in Table 1 .
Due to their ability to bind and electronically address redox-active species on the single-molecule level, CPs have been recognized as ideal matrices to embed redox-active molecules and develop flexible, easily processible, conductive materials. 14 A particularly promising approach is the introduction of nanoscale reactive inorganic species in CPs so as to harness the combined properties of electric conductivity, materials properties and unique inherent reactivity. 15 One outstanding class of tuneable, redox-active inorganic materials are molecular metal oxides, so-called polyoxometalates (POMs) which have been investigated as reactive sites in a large number of CPs, see Table 1 . 16 Polyoxometalates (POMs) are anionic metal-oxo clusters of the general formula [M x O y ] n− consisting of two or more highvalent transition metals (M) (e.g. M = V, Mo, W) which are linked through oxo-ligands. The formation of polyoxometalates follows a unique self-assembly process starting from simple building blocks such as MoO 4 2− or VO 4 3− . Using this approach, clusters with dimensions of ca. 1-6 nm containing up to 368 metal centres are accessible, see Fig. 1 . 17 One striking feature of POMs is their ability to be functionalized by incorporation of virtually any metal ion from the periodic table, giving one of the chemically and structurally most diverse classes of inorganic materials. 20 This versatility can be used to form highly redox-active molecular materials which can undergo complex one-and multi-electron transfer, making POMs highly sought-after functional materials for a myriad of applications. 17, 21 This Perspective will summarize the most outstanding recent accomplishments in polyoxometalate-functionalized conducting polymers and will give an overview of the principal synthetic routes to POM/CP composites and their current applications. The outlook section focuses on the authors' view of the future perspectives of the field, inspired by recent landmark papers or by concepts which to our mind have not been fully addressed yet.
POMs as redox-active molecules for electron transfer, catalysis and substrate sensing
Polyoxometalates are known to exhibit unique redox properties and the reversible uptake of up to 24 electrons per cluster unit (here: [PMo 12 O 40 ] 3− ) has been reported in the solid state, 22 thus demonstrating their potential for multi-electron transfer. Further, the exact electrochemical properties such as redox potentials and number of electrons stored can be fine-tuned by chemical modification of the POM structure, e.g. by incorporation of redox-active metal centres. Metal functionalization can also be used to generate coordinative substrate binding sites so that electrochemical and amperometric sensors can be accessed. 17, 23 The most common route to this end is the hydrolytic removal of one or several metal sites from (typically tungsten-
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An alternative approach is the surface modification of metal oxide semiconductors, e.g. TiO 2 with POMs which has been used to access heterogeneous photooxidation catalysts 30 and photoanodes in photoelectrochemical cells. 29 In one notable example, the authors assembled a photoanode via layer-by-layer assembly of POMs and TiO 2 nanoparticles see Fig. 3 . The resulting composite showed that the photoelectrochemical performance can be controlled by altering the number of assembled layers. Further, it was found that the type of POM significantly affects the performance characteristics: photoanodes based on the Keggin anion [PW 12 O 40 ] 3− showed significantly higher photocurrents and conversion efficiency compared with photoanodes based on the Dawson anion [P 2 Mo 18 O 62 ] 6− . The authors tentatively assigned this behaviour to the more facile re-oxidation of the tungstate-based Keggin anion compared with the molybdate-based Dawson, which is suggested to enable more efficient electron shuttling from the TiO 2 to the electrode, see Fig. 3 . 29 
Polyoxometalate-non-conductive polymer composites
This section provides a brief introduction to composite materials where POMs are interfaced with non-conductive polymers to highlight recent developments in this closely related field which has also been reviewed recently. 31 Recent reports demonstrate that embedding POMs into polymers can be used to control the nanoscale aggregation behaviour of the materials; 32 as well as their thermoresponsive, 33 photocatalytic, 34 mechanical and electrical properties. 35 Thus, a large number of fields of application are accessible.
Synthetic access to POMconductive polymer composites

Non-covalent functionalization by chemical or electrochemical polymerization
The most widely used approach to POM/CP composites uses non-covalent attachment of the POM anion to CPs, see Table 2 . One common route is the use of cationic CPs to electrostatically immobilize the anionic POM clusters. Prime example for this approach is cationic PPy which has been electrostatically functionalized with various POM anions such as Anderson-Evans, Lindqvist, Keggin and Wells-Dawson type clusters ( Fig. 1 ). 36 Often, electropolymerization routes are employed where the monomer pyrrole and the POM anion of choice are dissolved in an inert solvent (e.g. acetonitrile) and the pyrrole is oxidatively electropolymerized. The POM/CP film formed on the electrode can be mechanically removed and dried. Electrochemical analysis show that the films combine the redox-properties of the polypyrrole and of the respective cluster anion, making the POM anions electrochemically addressable in a solid polymer matrix. 37 When comparing chemical polymerization and electropolymerization, it is found that chemical polymerization often leads to bulk materials, whereas electrochemical polymerization gives facile access to CP films on electrode surfaces. 31b POM incorporation into the CP matrix can be achieved by two general approaches: under pre-polymerization conditions, the POM is combined with the monomer before polymerization occurs. 13 In contrast, under post-polymerization conditions, 16 the polymer is formed first and only afterwards functionalized by the POM cluster. The exact choice of approach depends on considerations regarding synthesis, stability and reactivity.
In order to immobilize the POM anion within the CP matrix so as to prevent leaching, ideally, cationic polymers such as PPy (see also Table 1 ) are used and have shown high POM loadings with negligible leaching into solution. 16 Interestingly, Sung et al. demonstrated that POM/CP composites remain stable upon redox switching, even if the cationic CP (PPy) was significantly reduced, and no leaching of the incorporated 38 The effects of bulk vs. electro-polymerization on the morphology and properties of POM/CP composites were recently demonstrated by Freund et al. The authors used an evaporation-driven chemical polymerization to deposit polypyrrole-POM composites (here: H 3 PMo 12 O 40 , abbreviated as PMo 12 ) on carbon paper, giving even thin films where the composite fully penetrated the carbon matrix. 39 In contrast, when anodic electro-polymerization of 3,4-ethylene-dioxythiophene (EDOT)-phosphotungstic acid (H 3 PW 12 O 40 , abbreviated as PW 12 ) mixtures in acetonitrile was investigated, films based on nodular structures of PEDOT/PW 12 were grown on the surface of the carbon paper only and no penetration of the carbon paper matrix was observed ( Fig. 4 ). Coulometric control was used to ensure equal deposition quantities of both the PPy/ PMo 12 and the PEDOT/PW 12 composite.
The authors expanded their studies and illustrated that evaporation-driven polymerization 40 is a facile means to deposit thin films where the film thickness can be tuned between 40-100 nm and high electric conductivities of 15-30 S cm −1 were found. The results suggest that evaporation-driven polymerization could be developed into a general process to coat substrates with thin films of conductive POM/CP composites, thus significantly widening their application range.
McCormac et al. provided further insight into electropolymerization and demonstrated the need for a detailed understanding of the underlying electrochemistry of the compounds: the group investigated the electrochemical immobilization of a series of Dawson-type POMs into various CPs 41 and it was noted that the potential cycling range has a dramatic effect on the stability of the composites: stable composites were only obtained when the first and second tungstenbased redox waves were cycled, while other cycling modes led to unsatisfactory materials.
Covalent functionalization routes
The covalent attachment of POMs to CPs can be achieved by (1) side-chain incorporation, where the POM anions are chemically linked to functionalized polymer side-chains; (2) backbone incorporation where the POM is directly embedded into the main polymer chain. To-date, side-chain incorporation is the more frequently used approach, while backbone incorporation is extremely rare, mainly due to the synthetic challenges of the latter technique. One prerequisite for both approaches is access to organically functionalized POMs which allow the covalent attachment to the polymer. Typical examples of POM organo-functionalization routes have recently been reviewed and often involve the use of organically modified silane, phosphonate, alkoxide, organotin and imine moieties as anchoring sites on the cluster, see 43 The POM/CP materials obtained showed solvent-dependent behaviour: in nonpolar solvents they assembled into reverse vesicles where the polymer backbone is exposed to the solvent and the POM-functionalized side-chains form the solvophobic interior. In contrast, in polar solvents, the composite behaves like a typical anionic polyelectrolyte and assembles into micro-tubular structures. Thereby facile access to structurally switchable, electrically conductive nanostructures is possible.
In an expansion of their studies, the same authors found that modification of the organic linker between POM and CP backbone has significant effects on the photochemical properties of the material: when conjugated linkers were used, high fluorescence quenching was observed, whereas flexible, non-conductive alkyl linkages resulted in significantly lower quenching rates, suggesting that photoinduced intrachain electron-transfer might be the dominating quenching mechanism. 44 2.2.2. Backbone incorporation. One rare example of POM incorporation in the polymer backbone employs difunctionalized Lindqvist-type molybdates 50 [Mo 6 O 17 (NR) 2 ] 2− (R = iodoor ethynyl-functionalized linkages) as monomeric building units for incorporation into the backbone of poly-( phenylene acetylene). By introduction of iodo-or ethynyl-functionalized side groups on the POM, Pd-catalyzed coupling reactions could be used for controlled polymerization, giving access to a POM/CP composite. The material was used for charge-separation in a photovoltaic cell and significantly higher conversion rates were observed compared with non-POM-functionalized CP systems, demonstrating that the POMs form stable building units suitable for composite synthesis, processing and application. 51 
Current fields of application
In the following chapter we discuss current applications of POM/CP composites which highlight the synergetic effects of combining both compound classes in one material.
Electrochemical energy storage
Electrochemical capacitors fill an important performance gap between conventional capacitors and batteries by supplying high-power electric pulses over short time scales (up to tens of seconds). 39 In so-called supercapacitors, high capacitance is achieved by combining electrochemical double-layer capacitance with pseudocapacitance arising from reversible faradaic redox reactions. 6c Therefore, redox active metal oxides (e.g. RuO 2 ) 52 are promising materials for supercapacitors. However, often, their low stability, low electrical conductivity and high cost limit their technological use on a large scale. 53 By employing molecular metal oxides embedded in CPs enhanced stability, electrical conductivity and facile fabrication can be combined in one material with the additional benefit of the facile tunability of the chemical properties of the POMs. 54 In particular electrodes based on protonated polyoxometalates (so-called heteropolyacids, HPAs) combine acidic stability, high proton mobility and high redox chemistry, making them ideal components for supercapacitors.
Yamada 55 reported the assembly of an inexpensive electrochemical capacitor system where HPAs ([H 3 PMo 12 O 40 ]) were immobilized in a Nafion proton-exchange membrane and assembled into a capacitor cell. High reversible specific capacitance (112 F g −1 ) and energy density (36 J g −1 ) with an operating voltage of 0.8 V were observed. It should be noted that the Nafion does not act as an electrically conducting polymer but instead is used as a proton-conductive membrane.
Asymmetric supercapacitors based on two POM/CP composites were recently fabricated by Freund et al.: 39 to this end, PPy/PMo 12 was used as the positive electrode and PEDOT/PW 12 was employed as the negative electrode. Using sulphuric acid (0.5 M) as electrolyte, an operating voltage of ∼1 V, a power density of 103 W kg −1 , energy density of 14 J g −1 and a capacitance of 31 F g −1 were achieved. Long-term degradation of the PPy/PMo 12 electrode due to over-oxidation of the polypyrrole was observed, resulting in a severe loss of capacitance after 200 cycles. In contrast, the PEDOT/PW 12 electrode remained intact. and a conductive polymer bulk heterojunction. The bulk heterojunction was based on poly(3-hexylthiophene) (= P3HT) and [6,6]-phenyl-C 61 -butyric acid methyl ester (= PCBM). 57 This cell configuration showed better conversion efficiency than a POM-free reference system, and in addition, high current density and optimized open-circuit voltage were observed. The authors assign this improved performance to the presence of discrete in-gap energy states in the POM layer, which may facilitate charge transport and make the POM-layer conductive, see Fig. 6 . 57 In an extension of this work, Palilis, Vasilopoulou et al. used a similar device setup featuring the Keggin anion PW 12 as an electron extraction layer. The study showed that a higher efficiency was observed together with improved device stability. The authors ascribe the enhanced performance to the improved electron extraction at the cathode interface due to an energy level matching between the POM layer and the aluminium cathode. 58 The authors also showed that the same concept can be employed to improve the performance of hybrid light emitting diodes (HyLEDs). 59 In a related study, Xu, Du et al. recently demonstrated that POM anions can also be employed as electron trapping sites in photovoltaic cells. 60 The authors assembled a composite based on cobalt phthalocyanine as photosensitizer, Dawson anions [P 2 W 18 O 62 ] 6− as electron acceptors/transfer sites embedded in a poly(styrene sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH) conductive copolymer. An increased photovoltaic effect compared with the non-POM containing reference was observed. Photophysical studies suggested that upon irradiation, an electron transfer from the cobalt phthalocyanine to the POM is observed which resulted in an improved electron-hole separation. The initial studies illustrate that by matching the electronic properties of photosensitizer, electron traps and CPs, the overall performance of photovoltaic devices can be optimized on the molecular level.
Photoelectrochemical devices
Substrate sensing (biomolecules, pollutants, toxins)
POM/CPs are ideal composites for substrate sensing as the molecularly dispersed POMs act as redox-active substrate binding sites to signal the presence of a substrate while the CP converts the signal into an electrical information for further (quantitative) detection. 20 McCormac et al. recently reported a composite film of Dawson anions immobilized in electropolymerized PPy. 49 The materials were used as amperometric sensors for hydrogen peroxide (detection limit: 0.3 mM). Redox processes associated with all components were accessible for voltammetric studies and stable redox responses in the pH range of 2-7 were reported. 61 or assembled on electrodes by layer-by-layer (LbL) techniques, 62 the POM/CP composites revealed improved H 2 O 2 detection characteristics and high long-term redox-stability, highlighting the technological viability of the systems.
The use of POM/CP composites for gas sensing was reported by Ammam et al. who showed that nanostructured POM/PPy composites can be used for NO x detection. To this end, pyrrole was polymerized in situ using the Dawson anion P 2 Mo 18 as oxidant. The resulting semiconducting composite showed high selectivity for detection of gaseous NO x and wide NO x -concentration dependent linear response was observed. 20 
Nanoparticle wiring in conductive matrices
The combination of metallic nanoparticles (NPs) as electrocatalytically active sites together with polyoxometalates as electron relays or structural/chemical stabilizers in a CP matrix holds great promise for the design of highly active materials for sensing and catalysis. The concept has been illustrated by Kulesza et al. who have recently grown multilayer networks of POM (here: PMo 12 )-stabilized platinum nanoparticles (size: 5-10 nm) embedded in ultrathin PANI films. 63 The resulting composites showed activity as oxygen reduction catalysts and might be useful in future fuel cell systems, see Fig. 7 . In addition, these systems can be considered molecular model systems to investigate and understand the activity-enhancing effects of metal oxide (nano-) particles on noble metal NP catalysts. 64 An Thus, the authors gained access to POM-containing Ag and Au NP-functionalized PANI composites (Fig. 8 ). 65 
Electrochemical catalysts
Linkage of redox-active POMs to electrode surfaces is an elegant route to highly reactive electrocatalysts 20 and has been exploited to improve their electrochemical stability and catalytic performance. 66 69 Oxidative polymerization of aniline is observed when V 2 O 5 is brought in contact with it and strong hydrogen bonding between the two components was observed spectroscopically. As such, this initial study illustrates that vanadium-based materials, and in particular metal-functionalized vanadate clusters might be ideal candidates to develop electrochemically tuneable composites for energy storage. 70 While the bulk electronic conductivity of POMs is typically negligible, the preparation of POM containing conducting materials 9 using methods discussed previously highlights the scope for the design of novel composites and development of this research area. An area of POM chemistry with great potential in this respect is that of the organo-imido functionalised POMs. 71 As eluded to previously, polyanions of this type can be relatively easily synthesised and processed while their electronic properties can also be finely tuned due to conjugation between the polyanion and the organic component through d-π electronic transitions. 72 A recent report illustrates this with the 2,6-dimethyl-4-thiocyano aniline functionalised Lindqvist polyanion (Mo 6 -SCN). The anion shows excellent properties as the anode in a lithium ion battery. 73 The presence of the electron withdrawing thiocyano group attached to the polyanion results in a dramatic lowering of the LUMO+n (n = 1-3) frontier orbital energies compared to derivatives such as 2,6 dimethylaniline and 2,4,5-trimethylaniline. This reduction of the HOMO-LUMO band gap consequently results in more facile redox cycling, with the relative lowering of the LUMO+2 and +3 in particular resulting in increased capacity. Pristine Mo 6 -SCN boasts an 85% capacitance retention after 100 cycles of 876 mA h g −1 with approximately 100% coulombic efficiency at a testing current density of 50 mA g −1 .
As described above (section 1.2), POM/nanocarbon composites are currently investigated as cathode materials, with the poor intrinsic electrical conductivity of the POMs being overcome by their adsorption onto well-established conducting substrates. Recently the use of carbon black 74 and single walled carbon nanotubes (SWNTs) 75 to generate conducting POM composites has proven a useful strategy; however, the development of a POM/graphene (reduced graphene oxide, RGO) hybrid yields the highest capacity. 76 Similar performance characteristics might be accessible with POM/CP composites, which benefit from potentially more synthetic control regarding the degree of interaction between the POM cluster as a charge storage site and the CP wiring.
Taking into consideration these two different approaches, it is apparent that close collaborative efforts between chemists and electrical engineers is required to continue the growth of this research area. Chemically, much scope exists for the design and synthesis of molecular clusters containing mixed metal compositions that will facilitate both considerable redox cycling and attachment of relevant organic components. The development of these complementary materials will assist to maximise interactions with conducting polymers and also the molecules interface with capacitive materials such as SWNTs and RGO. Recent work by the groups of Wang and Song provide a solid foundation upon which to be built in this research direction. 77 Furthermore the development of intrinsically conducting POM based polymers/architectures is an ambitious yet plausible set of synthetic targets that should be revisited. 24b
Fuel-cell proton-conducting membranes
The development of a proton exchange membrane (PEM), with excellent proton conductivity at high temperature and low humidity is of great importance for improved proton-exchange membrane fuel cells (PEMFCs). Operating fuel cells at increased temperature results in minimising anode catalyst poisoning by CO, avoids fuel cell flooding and gives increased efficiency and faster kinetics. 78 Despite much progress over the last decade, it should however be noted that the exact membrane function is still not fully understood 79 and further work is urgently required to identify the key mechanisms which determine membrane performance under operating conditions.
One typical synthetic route uses the basic polymer polybenzimidazole (PBI) which can be complexed by strong acids like phosphoric acid, making it a viable proton conducting material. The polymer composite features promising properties for the use as a polymer electrolyte in high temperature (ca. 150 to 200°C) PEM fuel cells. 80 Phosphomolybdic acid (PMo 12 ) is an excellent proton conductor and has been used to replace phosphoric acid in several PEM fuel cells. 81 Li et al. synthesized PMo 12 /PBI composites and demonstrated the promising properties of the water insoluble proton exchange membrane and significantly higher proton conductivity (>0.15 S cm −1 ) was observed compared with a phosphoric acidonly doped PBI membrane. High long-term stability in 200 h runs at 150°C was also observed. The authors suggest the possibility of a chemical bond between the POM and PBI in the composite membrane based on 31 P-NMR data.
Redox-switchable nanostructures towards "artificial muscles"
The development of "artificial muscles" 82 based on actuators, i.e. materials which convert energy (e.g. electricity) into motion holds great promise for robotics, microfluidics and micromechanics as well as other fields of technology. 83 One strategy to induce physical motion in polymeric materials is to use conducting polymers where changes in volume are observed upon applying an electric potential. This concept has been used to fabricate PPy-based actuators where length changes of up to 12% were observed at potentials <1 V. 84 This concept can in principle be expanded to POM-modified CPs where the POM acts as an electron-storage site to accumulate negative charge and thus increase inter-cluster electrostatic repulsion upon reduction; it can be envisaged that this leads to a significant volume increase. The concept is particularly appealing when considering that CP-based actuators can displace significant loading weights (up to 100× the typical loads observed for mammalian muscles) and also feature a so-called catch-state where a given displacement can be maintained without further energy input, making them interesting for low-energyconsumption electromechanical devices. 85 Furthermore, the development of POM/CPs based on p-type organic semiconductors will require an increase in chargebalancing anions on "hole" accumulation within the polymer. The use of large POMs bearing low anionic charge may be a strategy to induce actuation as a result of the polymers volume expansion on incorporation of the POM. Once again, hybrid inorganic-organic POM hybrids may be particularly useful in this role due to our ability to control the nature of their functionalization as well as their effective charge distribution. 86 Important interactions to consider with such an approach include the involvement of the redox activity of the selected POM as well as factors that may influence their mobility into and out of a given polymer matrix. Another strategy could be the development of an electrolyte storage type actuator, where two different POM/CP electrodes are prepared, one of which contains an immobilised polyoxoanion and the other an immobilised polyoxocation such as [E-PMo 12 4 ]] 5+ . 87 The electrolyte layer sandwiched between the electrodes then acts as a reservoir of mobile ions that can be reversibly doped into and removed from the electrodes on redox cycling. Ultimately this process will result in actuation.
High-sensitivity sensors for aqueous toxins
As discussed earlier, numerous methods exist for the development of excellent POM based sensors. However, in order to increase sensitivity and robustness, the POM anions need to be embedded and electrically wired to a conductive, high surface-area substrate to enable efficient read-out of the detection event. A notable report by Kurth et al. discusses the design and function of a smart POM-based nitrogen monoxide (NO) sensor with ppb sensitivity and tuneable sensitivity through control of the device assembly procedure. 88 16 − the authors took advantage of the two well-placed reversible two electron reduction processes of the POM for the selective electrocatalytic reduction of NO. The electrode was constructed using layer-by-layer deposition where alternating layers of the polyelectrolytes poly(styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) were adsorbed onto the (3-aminopropyl)triethoxysilane functionalised ITO. Subsequently, multiple layers of the POM and PAH were grown on the electrode. The systems showed selective reduction of NO over nitrite and nitrate, despite their similar reduction potentials. Reasons for this include electrostatic repulsion between the polyanions and the negatively charged nitrite and nitrate, as well as the clever completion of the electrode with a negatively charged PSS/PAH/PSS multilayer which prevents diffusion of the anions through the electrode to the incorporated POMs. Clearly the use of polyelectrolytes (PE) is essential to control the permeability of the analyte to the redox active POMs incorporated in the electrode, however a multi-layered design is required due the lower electrochemical response of the POM when fewer layers are used.
To maximise the POM-based electrochemical response to analytes and to improve selectivity by controlling permeability of the electrode, POM-polyelectrolyte (POM-PE) electrodes linked to CPs should be targeted. One strategy to achieving this may involve the design and synthesis of organically derivatised POMs capable of acting as POM-PE monomers. Use of traditional electropolymerisation techniques to grow conducting polymers in the presence of these monomers may then yield both highly sensitive and selective composites POM-PEs@CPs. Also the use of water soluble conducting polyelectrolytes such as sulfonated polyanilines may hold promise as matrixes capable of improved performance, particularly for aqueous toxin detection and possibly also simultaneous remediation. 89 In order to utilize POMs in the development of bio-recognition-sensors, the interactions between POMs and the biological molecules of interest must first be assessed. It is wellknown that POMs have notable interactions with proteins; however the quantification of these interactions in terms of sensing applications is in its infancy. Understandably this is largely due to the lack of sufficient knowledge regarding the specific interactions of POMs with proteins compared to the relative ease of identifying suitable redox couples for POM based electrochemical sensors. The following literature reports summarise three different approaches to the development of POM based bio-sensors, followed by our perspective on a future strategy.
Recently, the interactions between various polyoxotungstates including plenary, lacunary, lanthanoid, and transition metal containing analogues with human and bovine serum albumin (HSA and BSA) were investigated. 90 This work showed that the POM-protein interactions are highly dependent on size, shape, charge and any embedded metal ions incorporated within the POM.
A recent report illustrated how organo-functionalized derivatives of [PW 11 11 ) bearing pendant amine and pyrene residues respectively. Amine-PW 11 was elegantly grafted to a gold surface through only one of the pendant amines, leaving the remaining amine free for further linkage to a secondary antirabbit immunoglobin (anti-rIgG). The composite biosensor showed specific recognition of rabbit immunoglobin and nonspecific binding of BSA was also observed. 91 The ability of the pyrene bearing Py-PW 11 to form strong π-π interactions was exemplified by binding the cluster to the surface of single-walled carbon nanotubes (SWNTs) and energy transfer from the pyrene to the SWNTs was observed by quenching of the typical pyrene centred emission. The (Py-PW 11 )@SWNT composites were found to interact strongly with HSA and the properties of this and related materials are under investigation regarding their potential biosensor applications. 92 These studies show that POM based biosensors are achievable and well-designed POM/CP composites can make a valuable contribution to the current material design efforts. One non-POM based strategy that we can learn from has been developed for the sensing of aqueous pollutants such as ricin and E. Coli. This approach utilises the less toxic model protein Concanavalin A to probe sugar-protein interactions where a conjugated polymer is decorated with pendant sugars. 93 On binding of the protein to the sugars, the change in the polymer structure is reflected by modulation of its fluorescence properties. This occurs due to the presence of fluorene donor and benzothiadiazole acceptor units within the backbone, resulting in Förster resonance energy transfer (FRET) with sensitivity in the ppb range. Considering the intrinsic properties of POMs, the development of water soluble conjugated polymers containing POM pendant groups may be an interesting prospect for the sensing of water soluble toxins with well-defined positive surface charge density. One important consideration is the desired output of the sensor, as the use of conjugated linkers between POMs and CPs have shown significant quenching of fluorescence properties due to intra-chain electron-transfer. Consequently for a sensor using fluorescence as the signal, the use of appropriate linkers between the POM and CP will be crucial to the materials viability.
In summary, the development of POM/CP bio-sensors that show selectivity and sensitivity towards a given toxin will be driven by the POM charge, size and shape and redox potential as well as the covalent attachment method (stability), linker (length and hydrophobicity), and polymer backbone structure (signal output).
Supramolecular POM/CP composite assembly
The regioselective deposition of POM anions at specific sites of conductive polymers would allow the tuning of materials properties such as electron transfer, cooperative cluster interactions and synergistic redox-switching. As discussed earlier, this can in principle be achieved by covalent functionalization routes, however, often, these are limited by complex syntheses. Switching to supramolecular assembly routes, it can be envisaged that POMs attach to specific, pre-designed binding sites within the CP through intermolecular interactions such as electrostatics, hydrogen-bonding, or coordinative interactions (or a combination thereof ). As a consequence, using wellknown supramolecular assembly principles, functional materials with controllable properties could become accessible. 26a These concepts have already been realized for composites assembled from POMs and non-conductive polymers. In one example, POM-PS nanoparticles were formed by first assembling supramolecular POM-surfactant aggregates in the presence of styrene, resulting in the formation of a microemulsion. Polymerization of the microemulsion droplets gave access to POM/PS nanoparticles in the 50 nm size range. 94 Future work is therefore required to transfer these results into the POM/CP domain.
Conclusions
In conclusion, we have presented the design principles which are currently employed to access polyoxometalate/conductive polymer composites; their advantages and associated challenges were discussed and potential future developments in the field were described. The applications of POM/CP composites in technologically relevant areas such as electrochemical and photoelectrochemical energy storage, sensors with ppbsensitivity and electrochemical catalysis have been described and the current state of the art together with future target applications were discussed.
In the outlook section, a number of potential future applications were critically discussed based on developments which in the authors' mind have significant potential or which have recently been addressed in pioneering studies.
In summary, the field of POM/CP composites is one of the fastest-moving fields that targets the incorporation of electroactive POMs in conductive matrices and offers facile materials design by control of the properties of both the inorganic POMs and the organic CPs.
